ABSTRACT: Primary cilium, a small, antenna-like, microtubule (MT)-based extracellular organelle, which extends from the surface of all types of human cells, has important roles in various cellular functions, including planar cell polarity, cell growth, cell cycle, cell migration, transactivation, and immune response. Primary cilium-mediated signaling cascades are initiated by chemosensing environmental signals, such as growth factors and morphogens that activate ciliary receptor-mediated signal transduction, or by mechanosensing of fluid flow followed by induction of intracellular Ca 2+ flux. Owing to the versatile tools that cilia have, enabling various cellular functions, ciliary dysfunction causes several cilium-related human disorders such as ciliopathies. Here, we focus on the structure and biogenesis of primary cilium and discuss primary cilium-mediated crosstalk of the molecular mechanisms of signaling cascades in ciliogenesis, tumorigenesis, and senescence.
Introduction
The primary cilium is a unique, hair-like, MT-based organelle that projects from the apical surface of vertebrate cells. Most cell types assemble only one cilium (a primary cilium or monocilium), whereas some cells build cilia bundles that consist of 200-300 individual organelles (multiple cilia). 1 The existence of different cilia types indicates that this organelle is likely to have numerous functions. Recent emerging evidence suggests that the primary cilium functions as a sensor for fundamental extracellular factors to transduce signals to the cell body for physiological functions. Most of our knowledge about cilia biology in vertebrate cells is based on genetic studies using Chlamydomonas reinhardtii and mouse model systems. Ciliary dysfunction has been shown to cause human disorders, known as ciliopathies. Ciliopathies can either involve single organs or present as multisystemic disorders with phenotypically variable and overlapping disease manifestations. In this review, we discuss the structure and biogenesis of primary cilium, typical signal transduction via cilium, and the possible physiological functions of primary cilium in tumorigenesis and senescence that have enabled the development of novel therapeutic options for human ciliopathies.
Structure of Primary Cilium
Initially, primary cilia were considered as solitary cellular appendices without any physiological role that emanated from the surface of most of the quiescent cells in the human body (Fig. 1A) . However, through recent accumulating studies, the cilium is believed to include a role as an antenna to receive extracellular signals, in either chemical or mechanical stress pathways, and subsequently mediate these signals to the cell body. 2, 3 Primary cilium can be structurally divided into several subcompartments that include a basal body, a transition zone, the cilium (the axoneme and a lipid bilayer ciliary membrane), and the ciliary pocket. Primary cilium harbors nine periphery MT pairs without central MTs-a 9 + 0 axoneme (Fig. 1B) . Two types of cilia are known in human beings: 9 + 2 or 9 + 0 MT-based axonemes, and both have been shown to be associated with various human diseases. [2] [3] [4] The 9 + 2 axonemes are subdivided into motile cilia (such as respiratory cilia or ependymal cilia) or nonmotile cilia (such as a kinocilium of hair cells of vertebrate inner ears). The 9 + 0 axonemes are subdivided into motile cilia (such as nodal cilia) or nonmotile cilia (primary cilia such as renal monocilia or photoreceptor-connecting cilia; Fig. 1C) . 4, 5 Primary cilia lack motility because of the absence of the outer and inner dynein arms on the A tubule of the nine doublet MTs, a central pair of MTs, and radial spokes (Fig. 1C) . In spite of the structural similarity of all types of cilia, they show diverse, tissue-specific functions during development, tissue morphogenesis, and homeostasis, explaining how cilia-related disorders, such as ciliopathies, can affect many organ systems in the human body.
Axonemes of cilia grow with the supply of ciliary components by kinesin/intraflagellar transport (IFT) motor complexdependent anterograde transport (Fig. 1B) . Retrograde dynein/IFT complex-dependent transport is utilized for transducing signaling molecules from cilia to the basal body, which is critical in embryonic and postnatal development and in tissue homeostasis in adulthood.
Assembly of Primary Cilia
The assembly of primary cilia, which is tightly coupled to the cell cycle, is initiated from the distal end of the mother centriole as cells enter the G1/G0 boundary (induced by growth arrest through serum starvation) and is mainly processed by the IFT system ( Fig. 2A and B) . 6, 7 Based on electron microscopy analysis of fibroblasts such as RPE1 (hTERT-immortalized retinal pigment epithelial cell), NIH3T3 (embryonic fibroblast derived from NIH Swiss mouse), or neuronal cells, Figure 1 . structure of primary cilium. (A) triple staining of acetylated α-tubulin (red; a marker for the ciliary axoneme), g-tubulin (green; a marker for either the mother or daughter centriole), and DAPI (blue; a nuclear marker) in 48-hour serum-starved NIH 3T3 mouse fibroblasts. Primary cilium is protruding from the cell surface with the mother centriole as a foothold. PC, primary cilium; mC, mother centriole; DC, daughter centriole. (B) schematic illustration of the primary cilium structure. Primary cilium consists of a ring of a 9 + 0 doublet mt scaffolding called the axoneme, covered by a ciliary membrane. the ciliary transition zone and axoneme arise from the triplet mt-based mother centriole (also named the basal body). the transition zone is characterized by the presence of multiple rows of Y-shaped linkers (Y-linkers) projecting out from the doublet mts and attaching to the ciliary membrane. at the distal end of the basal body, transition fibers (distal appendages) are anchored to the ciliary membrane to make a ciliary pocket. The basal foot (subdistal appendages) is a structure that polymerizes and anchors the cytoplasmic mt network. Centrosomes are comprised of two centrioles (mother and daughter) connected via interconnecting fibers and pericentriolar materials. 2, 131 Kinesin ii/iFt complex B-dependent anterograde transport of ciliary components in cilia is important for the assembly processes of cilia. the dynein 2/iFt complex a-dependent retrograde transport system is required for the quality and structural maintenance of cilia and the hh signal transduction pathway. 15, 132 (C) Diagram illustrating the structure of axoneme cross sections of cilia, all of which have been associated with human diseases. 2-4 two types of cilia are known: 9 + 2 or 9 + 0 mt-based axonemes in human beings. the 9 + 2 axonemes are subdivided into motile cilia (such as respiratory cilia or ependymal cilia) or nonmotile cilium (such as a kinocilium of hair cells of vertebrate inner ears). the 9 + 0 axonemes are also subdivided into motile cilia (such as nodal cilia) or nonmotile axonemes (primary cilia such as renal monocilia and photoreceptor-connecting cilia).
Figure 2.
Biogenesis of primary cilium. (A) a schematic illustrating intracellular and extracellular ciliogenesis. the intracellular pathway is characterized in human retina RPE1 cells, mouse NIH3T3 cells, other fibroblasts, or neuronal cells. Initially, a ciliary vesicle derived from the Golgi apparatus or endosomes binds to the distal end of the mother centriole via transition fibers (distal appendages). Consequently, a ciliary necklace including the transition zone grows by elongating the axoneme from the mother centriole with Y-linkers. Finally, further axoneme growth, docking, and fusing of the ciliary sheath to the plasma membrane, and subsequent axoneme outgrowth occur to complete ciliary assembly. 133 the extracellular pathway is characterized in madin-Darby canine kidney cells, the mouse inner medullar collecting duct 3 cell line, and other epithelial cells. in this pathway, axoneme growth begins after direct binding of the mother centriole to the plasma membrane. (B) a schematic illustrating cell cycle-dependent ciliogenesis. Primary cilium forms usually in the quiescent stage of the cell cycle. the growth stimulation by various extracellular growth factors renders cell reentry into the cell cycle. Before entering into the cell cycle, primary cilium is disassembled in the g0/g1 boundary. During s phase, centrioles are duplicated to make a copy of the centrosome. During the G2 phase, daughter centrioles are matured and centrosomes are separated by a combination of interconnecting fiber break down, in a CDK1-Aur A-Plk1-Nek2A signaling cascade-dependent manner, and the inactivation of the interconnecting fiber-stabilizing molecule PP1c by CDK1. 134, 135 Finally, bipolar spindle poles are formed by separated centrosomes for chromatin segregation in the mitotic phase. During the g1 phase, the mother centriole and duplicated centrioles are disengaged. In order to form primary cilium, cells must be confluent and/or serum starved for at least several hours.
a Golgi-derived ciliary vesicle initially attaches to the distal end of the mother centriole via distal appendages. Subsequently, the surrounding vesicles fuse to the ciliary membrane forming a MT-based ciliary necklace with Y-shaped linkers, which are accessory structures that attach to the ciliary shaft membrane. Finally, the ciliary membrane (sheath)-surrounded axoneme is achieved and fuses to the plasma membrane. The assembly of the primary cilium is thought to be initiated while the mother centriole is positioned at or near the Golgi apparatus and close to the nucleus, prior to centriole migration and the docking of the ciliary sheath to the plasma membrane ( Fig. 2A) . 8 However, in the case of epithelial cells, such as Madin-Darby canine kidney cells and mouse inner medullary collecting duct cells, the basal body is shown to be translocated and directly attached to the apical plasma membrane, and subsequent elongation of primary cilium takes place. In both situations, the length of the primary cilia can be increased by a considerable size (ranging from 2 to 9 mm).
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On the molecular basis of ciliary assembly, the importance of the distal appendages of the mother centriole has been demonstrated by analyzing Odf2 knockout mouse F9 cells, in which the cells are missing the distal appendages (Fig. 1B) together with a failure of primary cilia formation. 10 Functional analyses of many IFT particle proteins, involved in ciliogenesis, have been performed in Chlamydomonas and other organisms, including vertebrates. The complete loss of any IFT complex B polypeptides (IFT20, IFT27, IFT46, IFT52, IFT57, IFT80, IFT81, IFT88, and IFT172; Fig. 1B ) generally leads to severely shortened or absence of cilia in almost all studied organisms. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In addition, a number of centrosome proteins (pericentrin, centrin 2, PCM-1, and the Alström syndrome protein, Alms1) were shown to be required for the assembly of primary cilia. 26, 27 The anterograde IFT motor kinesin-2 family is also important for ciliary assembly. In a Chlamydomonas-based study, a null mutant of FLA10, a subunit of the heterotrimeric-kinesin-2 (kinesin-II) dimer, fails to assemble flagella, indicating that kinesin-II is essential for flagellar assembly in this organism. 28 Consistent with this evidence from Chlamydomonas, kinesin-II (a kinesin superfamily protein (KIF)3B or KIF3A complex in human beings and mice) is shown to be essential in the assembly of primary cilia using genetic studies in mice; null mutations of either KIF3B or KIF3A genes lack nodal cilia in embryos and develop situs inversus. [29] [30] [31] Analogously, the importance of the retrograde motor cytoplasmic dynein 2 (an isoform of cytoplasmic dynein) of IFT for ciliogenesis and maintenance of cilia is demonstrated by genetic studies using Dync2li1 (a heavy chain of dynein 2)-null mutant mouse embryos. Dync2li1
-/-mice fail to assemble full-length cilia and exhibit phenotypes that are consistent with ciliary dysfunction, including embryonic lethality. 32 It is noteworthy that two proteolysis systems are shown to be involved in ciliogenesis. Autophagy, an intracellular degradation system that delivers cytoplasmic constituents to the lysosome, positively regulates assembly of cilium by degrading a ciliary protein, ODF1 (a molecule responsible for an X-linked ciliopathy: oral-facial-digital syndrome 1), which controls the length and distal structure of centrioles. 33, 34 In the ubiquitin-proteasome pathways, CRL3-KCTD17 E3 ligase complex-mediated proteolysis of trichoplein initiates axoneme extension during ciliogenesis. 35 A ciliary protein that is encoded by RPGRIP1L, a proto-ciliopathy gene, interacts with Psmd2 (a component of the regulatory proteasome 19S subunit) and hence plays an important role in elongation and maintenance of cilium by regulating ciliary proteasome activity. 36 The protein pVHL, which is encoded by the von Hippel-Lindau (VHL) tumor suppressor gene and is a part of an E3 ubiquitin ligase complex, is also involved in ciliogenesis. [37] [38] [39] [40] These findings together suggest that quality control and turnover of ciliary components via autophagy and ubiquitin-proteasome pathways play an important role in ciliogenesis, signal transduction via primary cilia, and homeostasis.
35-41

Disassembly of Primary Cilia
The role of primary cilia disassembly (during G0/G1 boundary in Fig. 2B ) on cell cycle progression is still under debate; however, several studies support the idea that primary cilia exert influence on cell cycle progression. For example, Aurora A kinase (AurA) 42, 43 and polo-like kinase 1 (PLK1) 44, 45 play pivotal roles in growth signal-dependent primary cilia disassembly. [44] [45] [46] [47] AurA or PLK1 phosphorylates histone deacetylase 6 (HDAC6) and Kif2A to promote tubulin deacetylation that destabilizes axonemal MTs or depolymerizes the MT of primary cilia, respectively. 44, 45 Hef1-dependent phosphorylation of HDAC6 by AurA activation was also reported. 48 Moreover, PLK1 is shown to interact with the Wnt signaling component Disheveled 2 (DVL2) to initiate primary cilia disassembly through the activation of HDAC6, following noncanonical WNT5a ligand stimulation. 46 It has also been reported that Cep97 and CP110, centrosome-implicated proteins, collaborate to inhibit a ciliogenesis program. 49 The levels of ubiquitinated ciliary and flagellar proteins are shown to be increased during flagellar resorption, especially in IFT mutants, suggesting the notion that disassembly products are labeled with ubiquitin and transported to the cell body by IFT.
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Ciliopathies
A ciliopathy is a human disorder that is directly caused by ciliary malformation or dysfunction due to mutations in proteins that are localized to cilia and/or their basal body. 3 Ciliopathies can manifest kidney and liver defects (including cysts), obesity, and/ or mental retardation by central nervous system (CNS) defects. Ciliopathies are also known to exhibit patterning abnormalities in limb length, digit number (polydactyly), left-right axis (situs inversus), craniofacial patterning, and the retina (leading to blindness through defective photoreceptor-connecting cilium). Clinical manifestation of ciliopathies also includes nephronophthisis, Senior-Løken syndrome, Joubert syndrome, Bardet-Biedl syndrome (BBS), Meckel-Gruber syndrome, and orofacial digital syndrome (OFD), 51, 52 for which the responsible genes have been identified. 3, 53, 54 The mutations of these genes exhibit abnormal cilia in terms of length (short or absent), shape (bulged), and density (sparse) together with Hedgehog (Hh) signaling defects. Therefore, pivotal mechanisms of clinical features in ciliopathies are most likely due to abnormal Hh signaling through primary cilia. Alternatively, dysfunction of motile cilia is known as primary ciliary dyskinesia, which appears in cells and tissues of various human diseases. Poor mucociliary clearance caused by dysfunctional airway cilia leads to chronic infections, sinusitis, and rhinitis, which can result in the widening of the airways and lung collapse (bronchiectasis and atelectasis, respectively). It has been reported that the lack of motility of sperm flagella and motile cilia in the oviducts can lead to infertility, whereas dysmotility of cilia in the embryonic node leads to left-right patterning abnormality (situs inversus, also known as Kartagener's syndrome). In some rare cases, defects in ependymal motile cilia of the CNS are shown to manifest in the swelling of brain ventricles or hydrocephalus. 2, [54] [55] [56] The molecular defects in trafficking of ciliary G protein-coupled receptors, such as melanin-concentrating hormone receptor 1 and somatostatin receptor subtype 3 to neuronal cilia, resulted in obesity by deregulation of the feeding and energy balance, and blindness by retinal degeneration. 57 In addition, patients with BBS often manifest obesity and cognitive impairments due to neuronal defects; however, it is of note that the specific pathways responsible for these attributes in patients with BBS have not been identified clearly. 
Chemosensation-based Signaling Cascade
Hh signaling. Cloning the secreted proteins of the Hh family was initiated two decades ago, and the field of Hh study has diversified into encompassing embryonic development, stem cell biology, and tissue homeostasis (Fig. 3A) . The focus of current Hh signaling pathway studies is determining whether the pathway is implicated in several cancers and congenital syndromes. 58 In the off-state (absence of Hh), the Hh receptor Patched-1 (Ptch1) interferes with the localization of smoothened (SMO; an activator of the GLI transcription factor) to primary cilia. In this scenario, suppressor of fused (SUFU)-dependent phosphorylation of GLI by protein kinase A (also known as cyclic AMP-dependent protein kinase), casein kinase 1 (CK1), or glycogen synthase kinase 3 beta (GSK-3β) initiates partial degradation of GLI via the ubiquitin-proteasome pathway, and the short form of GLI functions as a repressor for the transactivation of the target gene. After Hh stimulation, its receptor, Ptch1, is anchored in the plasma membrane with the Hh molecule and loses the ability to inhibit SMO translocation to cilium. Thus, SMO inhibits SUFU in primary cilia and allows full-length GLI to translocate from cilia to the cytoplasm. Consequently, full-length GLI can function as an activator for the transactivation of target genes in the nucleus. [59] [60] [61] Numerous genetic evidence in mice supports the idea that Hh signaling is strictly mediated through the primary cilia. [59] [60] [61] [62] Consistently, impaired formation or functioning of the primary cilium results in diverse human diseases, including ciliopathies, by Hh signaling defects.
2,3,54-56
Canonical Wnt signaling. The Wnt signaling pathway is highly conserved evolutionarily in many species, ranging from fruit flies to human beings, and is mediated through the primary cilia machinery (Fig. 3B) . [63] [64] [65] The Wnt pathway is also shown to control embryonic processes including body axis patterning, cell fate specification, cell proliferation, and cell migration. The clinical importance of the Wnt pathway has been demonstrated by mutations that lead to various diseases, including breast and prostate cancer, glioblastoma, and type II diabetes. 66 Figure 3 . the chemosensation-based signal transduction. (A) a schematic illustrating hh signaling. in the off-state, Ptch1 interferes with the ciliary localization of smo, which is an activator of the gli transcription factor. in this situation, the phosphorylated gli molecules, by protein kinase a (also known as cyclic amP-dependent protein kinase), CK1, or gsK-3β in a suFu-dependent manner, are partially degraded by the ubiquitin-proteasome pathway; consequently, partially digested gli functions as a repressor for the transactivation of the target gene. after hh stimulation, its receptor, Ptch1, is anchored in the plasma membrane with the hh molecule and loses its inhibitory activity against the ciliary localization of smo. smo moves into cilium to inhibit suFu, which allows full-length gli to translocate into the nucleus to function as a gli activator for the transactivation of the target genes. (B) a schematic illustrating canonical Wnt signaling. in the off-state of Wnt signaling, a key transcription factor, β-catenin, is phosphorylated by the destruction complex (axin, aPC, CK1, and gsK-3β) and is consequently ubiquitinated and degraded in the β-trCP/sCF-dependent ubiquitinproteasome pathway. DVl is shown to be an important molecule that positively regulates the canonical Wnt signaling pathway by inhibiting gsK-3β activity. 68 in the on state by Wnt stimulation, DVl recruits the destruction complex to the plasma membrane and inhibits the ubiquitination activity of the complex against β-catenin. DVl indirectly functions as a positive regulator of Wnt signaling by enabling β-catenin to accumulate in the cytoplasm and translocate into the nucleus. therefore, β-catenin is suggested to have a role as a transcriptional coactivator with T-cell-specific transcription factor/leF transcription factor family and induce Wnt target genes. 69 (C) a schematic illustrating noncanonical Wnt signaling. JnK/PCP pathways (right) and Ca 2+ pathways (left) are shown. in both cases, g proteins (α, β, and g) are activated through Wnt binding to the receptor Frizzled and recruit DVl to the membrane to initiate signaling. on the JnK/PCP pathway, activation of small gtPases (Rhoa and Rac) is required to activate JnK and Rho-kinase (RoCK) to regulate the rearrangement of the actin-based cytoskeleton and cell polarity. in the Ca 2+ pathway, both g proteins and DVl activate PlC, a generator of iP 3 and diacylglycerol (Dag). these lipids increase intracellular Ca 2+ levels and activate CamKii, calcineurin, protein kinase C, and ERK, eventually leading to activation of transcription factors such as nuclear factor of activated T-cells and myocyte-specific enhancer factor 2. 71 (D) a schematic illustrating PDgF signaling. aKt (also known as protein kinase B) and meK cascades are activated upon
PDgF-a-mediated stimulation through the ciliary PDgFRα receptor dimer. 79 it has been reported that aKt inhibits the transactivation of Foxo1/3-dependent apoptosis-related genes for cell survival and activates the CDK4/6/cyclin D and CDK2/cyclin e complexes by inhibiting p15 inK4B , p27 Kip1 , and p21
Cip1
, allowing cell cycle reentry from the g0/g1 phase. 81, 82 maPK-mediated phosphorylation of the transcription factors, c-myc and c-Fos, and cytoskeletal proteins, focal adhesion kinase and Paxillin, have been shown to play an important role in the regulation of cell proliferation and migration, respectively. 80, 83, 136, 137 pathways: β-catenin-dependent canonical Wnt signaling or β-catenin-independent noncanonical Wnt signaling. In the off-state of the canonical pathway, a key transcription factor, β-catenin, is degraded by the destruction complex [Axin, adenomatous polyposis coli (APC), CK1, and GSK-3β] in the β-TrCP/SCF-dependent ubiquitin-proteasome pathway. Under this circumstance, the phosphorylation of β-catenin by CK1 and GSK-3β is identified as a trigger for degradation. DVL positively regulates canonical Wnt signaling by direct inhibition of GSK-3β kinase activity. 68 On the contrary, in the on-state, the activity of the destruction complex against β-catenin is silenced by its relocation and anchoring to the plasma membrane by DVL. As a consequence, the accumulated cytoplasmic β-catenin migrates into the nucleus to function as a transcriptional coactivator with the T-cell-specific transcription factor/LEF transcription factor family for the induction of WNT target genes. 69 Noncanonical Wnt signaling. Noncanonical Wnt signaling is thought to be independent of β-catenin, but dependent on DVL (Fig. 3C) . The mechanosensation-dependent elimination of both β-catenin and DVL molecules in the Ca 2+ pathway (shown in Fig. 4 ) is believed to be the important initiator for noncanonical Wnt signaling. Under urea flow, DVL is degraded in an APC/C E3 ligase/inversin (INVS) complexdependent manner. At the same time, β-catenin is also degraded due to the absence of DVL as shown in Figure 3B (off-state). In some context, INVS is also shown to be ubiquitinated and degraded through APC/C E3 ligase and the proteasome pathway. Degradation of INVS stabilizes DVL and consequently maintains a high level of DVL expression in the cytoplasm; high levels of DVL trigger the noncanonical signaling cascade in a WNT ligand and G protein-dependent manner (Fig. 3) . Two noncanonical Wnt signaling pathways (C-Jun N-terminal kinase (JNK)/planar cell polarity (PCP) pathways (right) and Ca 2+ pathways (left)) both require the recruitment of DVL to the membrane through the G proteinFrizzled receptor complex with WNT. Rearrangement of the actin-based cytoskeleton by the JNK and Rho-kinase (ROCK) via small GTPases (RhoA and Rac) is shown to be important for the regulation of PCP. 70 The Ca 2+ pathways of noncanonical Wnt signaling activate phospholipase C (PLC), a generator of inositol triphosphate (IP 3 ) and diacylglycerol (DAG). Intracellular Ca 2+ release by PLC activation upregulates Ca 2+ / CaM-dependent-dependent kinase II (CAMKII), calcineurin, protein kinase C, and extracellular signal-regulated kinase (ERK). Finally, Ca 2+ -mediated signal cascades induce transactivation of target genes, mediated by nuclear factor of activated T-cells and myocyte-specific enhancer factor 2. 71 It has been reported that cilia do not play a role in Wnt signaling during development. 62, 72 Three different mutant mice strains (with a mutation in ift188, ift72, or kif3a) have been generated, in which the defects of IFT presumably lack cilia; however, no obvious abnormality in the Wnt-dependent developmental events are observed. 72 Consistently, ift188 mutant zebrafish zygotes also lack all cilia and show Hh signaling defects; however, canonical and noncanonical Wnt signaling remain intact. It is of note that there is controversy over the evidence reported in the connection between cilia and Wnt signaling. The level of canonical Wnt signaling appeared to be negatively regulated by the presence of primary cilium in cultured cells and zebrafish embryos. 64, 65, [73] [74] [75] [76] [77] These reports supported the notion that primary cilia regulate Wnt signaling by acting as a switch between the canonical and noncanonical states. In this regard, Lancaster et al have shown that Jouberin protein recruits β-catenin to the primary cilium to keep the nuclear level of β-catenin and the amount of Wnt signaling low, indicating that in some context Wnt signaling is actually controlled via primary cilia. 77, 78 Platelet-derived growth factor signaling. Christensen et al reported that platelet-derived growth factor (PDGF) receptor α (PDGFRα) is dominantly localized to a portion the expression of inVs, a protein originally discovered for its role in situs inversus and cystic renal diseases, which mainly localizes in inVs compartments including the transition zone of the primary cilium, is induced in an increased intracellular Ca 2+ -dependent manner. 73, 97 inVs is shown to play a role as a molecular switch to modulate canonical and noncanonical Wnt signaling by contributing to DVl degradation through the aPC/C (an e3 ubiquitin ligase)-mediated ubiquitin-proteasome pathway. 54, 73, 98, 100 Concomitant with DVl degradation, elimination of β-catenin also occurs in a destruction complex-dependent manner (Fig. 3B ) because of the absence of DVl, an inhibitor of gsK-3β. once extracellular Wnt molecules bind to the receptor Frizzled, the noncanonical Wnt pathway is initiated in a β-catenin-independent manner by recruiting DVl to the plasma membrane, which enables DVl to avoid aPC/C-dependent proteasomal degradation (Fig. 3C ).
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of primary cilia rather than plasma membrane (Fig. 4) . 79, 80 Upon stimulation by PDGF-A, but not PDGF-B, through the ciliary PDGFRα dimer, AKT (also known as protein kinase B) and mitogen-activated kinase (MAPK)/ERK kinase (MEK) cascades are activated. The molecular function of ciliary-specific AKT activation is not clear; however, it is possible that activation of AKT results in the inhibition of the apoptosis-related transcription factor FoxO1/3 and activation of the cyclin-dependent kinase (CDK)4/6/cyclin D and CDK2/cyclin E complexes by inhibiting p15 INK4B , p27 Kip1 , and p21
Cip1 , promoting cell survive and cell cycle reentry from the G0/G1 phase. 81, 82 MAPK may also participate in the phosphorylation of transcription factors for proliferation and cell migration. [80] [81] [82] [83] In addition to the importance of PDGFRα-mediated signaling through the cilia for directed migration in fibroblasts, the receptor is found to localize to primary cilia in vivo, in neural stem cells of the adult rat subventricular zone. 84 Loss of PDGF signaling does not result in severe phenotypes in early mouse embryos; however, it is crucial for tissue development of later stages, including oligodendrocytes and neural crest-derived craniofacial structures. 85, 86 Notably, the PDGF signaling pathway is reported to be essential for normal embryogenesis, inflammation, and wound healing. Therefore, unregulated activation of the PDGF signal pathway is associated with numerous disorders, including carcinogenesis. Upon the binding of the ligand, the PDGF receptor dimerization and autophosphorylation trigger the phosphorylation of intracellular signaling molecules to transduce downstream signaling cascades, which include the phosphoinositide 3-kinase (PI3K)/AKT and MEK pathways. Primary cilia of fibroblasts from Tg737 orpk (Ift88
Tg737Rpw
) mutant mice are structurally abnormal (absent or shortened) and failed to upregulate the MEK1/2-ERK1/2 and PI3K/ AKT pathways through PDGFRα upon PDGF-AA stimulation. This observation supported the idea that primary cilia are essential for PDGF signaling and its downstream effectors through PDGFRα. 80 Other molecules, including transforming growth factor-β, fibroblast growth factor, epidermal growth factor, somatostatin receptor subtype 3, leptin, insulin-like growth factor-1, and integrins, have also been reported to mediate signal transduction through the ciliary receptor; these observations support the notion that more complex signaling crosstalk through the primary cilium may be linked to various human diseases. [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] Mechanosensation-Based Ca 2+ Signaling
Mechanosensation such as urine flow over primary cilia induces intracellular Ca 2+ flux via the polycystin-1 (PC1)/polycystin-2 (PC2) ion channel complex (Fig. 4) . Consequently, the expression of INVS, a protein originally discovered for its role in situs inversus and cystic renal diseases and mainly localized in the INVS compartment including the transition zone of primary cilia, is transcriptionally elevated. 97 INVS is shown to have a role as a molecular switch to modulate canonical and noncanonical Wnt signaling through facilitating the DVL degradation primarily through the anaphase-promoting complex/cyclosome (APC/C, an E3 ubiquitin ligase)-mediated ubiquitin-proteasome pathway. 54, 73, [98] [99] [100] Concomitant with DVL degradation, destruction complex-dependent β-catenin degradation (Fig. 2B) occurs because of the absence of GSK-3β inhibition by DVL, which then keeps cells in the off-state of noncanonical Wnt signaling. Once extracellular WNT molecules bind to the receptor, Frizzled, the noncanonical Wnt pathway is subsequently activated in a β-cateninindependent manner by recruiting DVL to the plasma membrane to prevent the proteasomal degradation of DVL (Fig. 3C ).
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Primary Cilia and Tumorigenesis
The role of primary cilia in cancer has not been entirely characterized to date. However, primary cilia are absent or shortened in several types of cancer, including kidney, skin, brain, breast, pancreas, and prostate. [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] It is also reported that a reduction in cilia frequency relative to adjacent normal tissues was observed in renal cell carcinoma (clear cell), breast cancers, melanoma, basal cell carcinoma, medulloblastoma, and pancreatic cancer. 104, 105, 107, [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] Genetic studies further support that the loss of cilia can increase tumor incidence in basal cell carcinoma and medulloblastoma. [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] It has been reported that primary cilia are lost early in breast cancer development on both the cancer cells and their surrounding stromal cells. However, loss of cilia may not be sufficient to initiate tumorigenesis in the mammary gland. 110 Furthermore, the loss of primary cilia is not associated with positive staining of Ki67 (a cell proliferation marker) in melanoma, renal cell carcinoma, and pancreatic cancer. 104, 105, 112 Therefore, loss of cilia may not be due to a result of altered cellular proliferation rates; primary cilia dysfunction in cancers may be caused by other mechanisms, such as a loss of genes required for ciliogenesis, potentially resulting from mutagenesis or genomic instability. Although cilia dysfunction is commonly observed in cancers and during an early tumorigenic process, further work is necessary to elucidate the precise relationship of ciliogenesis and tumorigenesis. 112 Primary cilia of human embryonic, neuronal, and cancer stem cells (CSCs) are shown to play a role in the regulation of development, tissue differentiation, and tumorigenesis. Hh signaling is shown to be a main mechanism in this regulation. However, some populations such as CSC medulloblastoma (CD15+ cells) lack primary cilia and are independent of Hh signaling for tumorigenesis. 118 Therefore, further work with additional types of cancer is needed in order to clarify the regulatory molecular mechanisms of CSCs through primary cilia. 112 Abnormal Hh activity is also involved in various cancers, including basal cell carcinomas, medulloblastomas, rhabdomyosarcomas, glioblastomas, and breast and prostate cancers. [108] [109] [110] WNT molecules and their downstream effectors regulate various stages of cancer development including initiation, progression, and metastasis. Furthermore, expression of PDGF and its receptor was found in various tumors including those in the CNS, germ cells, and the gastrointestinal system. PDGF not only facilitates cellular proliferation of tumors but also provides a growth advantage to the adjacent cells and/or angiogenesis. 120 It has been reported that PDGF alone triggers the disassembly of the primary cilium. 121 As mentioned above, Hh signaling is strictly mediated through primary cilia. [59] [60] [61] [62] The activity of Wnt signaling is also regulated by primary cilia. 64, 65, 77 Three signaling pathways through Hh, Wnt, and PDGF are indeed regulated by primary cilia; therefore, the molecules responsible for chemosensation-based signal transduction and ciliogenesis would appear to be therapeutic targets for cancer (Fig. 5) . Furthermore, two ciliary proteins encoding tumor suppressors (pVHL, a component of E3 ligase, or serine/threonine kinase 11 (LKB1) kinase) also play an important role in the maintenance of primary cilia and their downstream signaling effects such as cell cycle and cell size regulation. [122] [123] [124] Further study of tumor suppressive functions of ciliogenesis may provide a new insight into the molecular mechanisms involved in the mechanisms related to human cancer.
Primary Cilia and Senescence
Normal cells enter a senescent state upon aberrant oncogenic signaling to inhibit tumor initiation and progression, which coincides with the elongation of primary cilia in these cells. 125 In senescence, the proportion of the cell with primary cilia is increased together with transient cell cycle arrest. However, it remains to be addressed whether senescence promotes ciliogenesis and vice versa. [126] [127] [128] Breslin et al reported that senescent (late passage) human fibroblasts display both an increased frequency and length of primary cilia, compared to proliferating (young passage) fibroblasts. 126 Importantly, the levels of Hh signaling are decreased in fibroblasts in a replicative senescence stage compared to the normally proliferating cells. Inhibition of Hh signaling both attenuated cell proliferation and the elongation of primary cilia, suggesting that Hh signaling inhibits ciliogenesis and replicative senescence in human fibroblasts. WNT inhibitory factor 1 (WIF1) not only suppresses cancer stemness but also induces cellular senescence. It remains to be elucidated whether ciliogenesis is affected by WIF1 or Wnt signaling itself. 129 However, the combined treatment of PDGF-AA and the PTEN inhibitor bpV(pic) promotes self-renewal in human skin-derived precursors and embryonic neural crest somite-derived multipotent progenitor cells, which alleviated cellular senescence in vitro. The PI3K inhibitor LY294002 is known to block the cellular self-renewal by PDGF-AA and bpV(pic) treatment; therefore, PI3K/AKT signaling plays an important role in the inhibition of cellular senescence progression.
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Conclusion and Perspective
Three chemosensation signaling cascades through Hh, Wnt, and PDGF are considered to interconnect and crosstalk for the cellular processes of ciliogenesis, senescence, and/or tumorigenesis. Furthermore, ciliogenesis is thought to be involved in the regulation of senescence and tumorigenesis (Fig. 5) . However, the proportion of signaling events (eg, Hh, Wnt, and PDGF) that is solely through primary cilia and not through the nonciliary mediated signaling of the cell surface receptor remains to be elucidated. Moreover, it is difficult to distinguish between cilium-mediated signal transduction and nonciliary cascades in the field of cell biology. Further study is required to clarify whether the signaling cascades and downstream cellular events are solely regulated through primary cilia and how these downstream signaling events crosstalk at a molecular level for the maintenance of the mammalian cellular homeostasis in vivo.
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